We address the interplay between stacking and interlayer exchange for ferromagnetically ordered CrI3, both for bilayers and bulk. Whereas bulk CrI3 is ferromagnetic, both magneto-optical and transport experiments show that interlayer exchange for CrI3 bilayers is antiferromagnetic. Bulk CrI3 is known to assume two crystal structures, rhombohedral and monoclinic, that differ mostly in the stacking between monolayers. Below 210-220 Kelvin, bulk CrI3 orders in a rhombohedral phase. Our density functional theory calculations show a very strong dependence of interlayer exchange and stacking. Specifically, the ground states of both bulk and free-standing CrI3 bilayers are ferromagnetic for the rhombohedral phase. In contrast, the energy difference between both configurations is more than one order of magnitude smaller for the monoclinic phase, and eventually becomes antiferromagnetic when either positive strain or on-site Hubbard interactions (U ≥ 3) are considered. We also explore the interplay between interlayer hybrydization and stacking, using a Wannier basis, and between interlayer hybrydization and relative magnetic alignment for CrI3 bilayers, that helps to account for the very large tunnel magnetoresistance obvserved in recent experiments.
I. INTRODUCTION
The recent discovery of several 2D ferromagnetic materials 1-5 is expanding the research horizons in 2D Materials. These new materials, and more specifically CrI 3 , open new venues for the fabrication of low dimensional spintronic [6] [7] [8] and optoelectronic 9-13 devices based on multi-layer structures, and are being the object of strong interest [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Importantly, some of these applications rely on the antiparallel interlayer alignment at zero field, which can be reverted by the application of a magnetic field [6] [7] [8] or, intriguingly, electric [11] [12] [13] fields.
The family of CrX 3 (X = Cl, Br, I) magnetic insulators is representative of this type of 2D ferromagnetic materials. In the single layer limit, magnetic order is very sensitive to magnetic anisotropy, that is governed by anisotropic superexchange in the case of CrI 3 .
14, [24] [25] [26] Experiments in bulk show that CrCl 3 is the only one showing an anti-ferromagnetic (AF) order 27 , while CrBr 3 and CrI 3 are bulk ferromagnets 28, 29 with Curie temperatures T c = 37 and 61 K, respectively. In contrast with bulk, interlayer coupling for few layer CrI 3 is found to be antiferromagnetic, based on optical 2,11-13 , transport [6] [7] [8] 30 and, more recently, microscopic probes. 31 This provides a first motivation for this work.
The second motivation arises from the following observation. Bulk CrI 3 undergoes a structural transition 29 at 210-220 Kelvin, between a rhombohedral phase at low temperature and monoclinic phase at higher temperature. The layer stacking in these structures is shown in Figure 1(a,b) . Interestingly, the differential magnetic susceptibility, dχ dT , presents a kink at the structural transition 29 , which is consistent with a variation of the interlayer exchange interaction. In monolayer CrI 3 , the intralayer FM coupling, that ultimately drives the long-range ordering between Cr atoms, can be anticipated by the Goodenough-Kanamori rules 32-34 of single-ligand superexchange (M-L-M), on account of the almost perpendicular alignment between the Cr-I-Cr bonds. The extension of these rules for more than one ligand, in order to predict the interlayer exchange coupling in van der Waals structures (M-L-L-M), is not straightforward. 35 In the following, we assume a different approach aiming to address the interplay between stacking and interlayer exchange coupling for CrI 3 bilayer, combining density functional theory and an effective interlayer coupling model.
II. METHODOLOGY
Our calculations are based on density functional theory. For each CrI 3 stacking shown in Fig.1(a) , we first perform a geometry relaxation starting from previously reported experimental crystal structure (a = b = 6.867 A for the rhombohedral structure and 6.866Å for the monoclinic one). 29 The relaxation is carried out using the plane-wave based code PWscf as implemented in the Quantum-Espresso ab-initio package 36 . For the self consistent calculations, we use a 8×8×1 k-point grid for the bilayer calculations and a 12×12×6 k-mesh for the bulk. Projector augmented wave (PAW) pseudopotentials and the Perdew-Burke-Ernzerhoff (PBE) approximation 37 for the exchange-correlation functional are used for Cr and I atoms. Van der Waals interactions are included through the Grimme-D2 model. 38 Spin-orbit coupling is not considered in these calculations. 
III. INTERLAYER EXCHANGE AND STACKING
Figures 1(c) and 1(d) show the two Cr hexagonal lattices (in red and green) and the stacking details of the bilayer. In the rhombohedral case, the two Cr lattices follows an AB or Bernal stacking, similar to bilayer graphene. The monoclinic case can be obtained by starting with an AA stacking and displacing the top layer a/3 along one of the in-plane lattice vectors a or b (we have labeled this stacking as AA 1/3 ). The two atomic structures induce a different arrangement of the I atoms at the interface which is shown in Figure 1(e,f) . The position of the I atoms has an important effect on the interlayer coupling since it affects the Cr-Cr interlayer distance through steric effects (see Table I ).
We have performed first-principles calculations of bilayer (bulk) CrI 3 using both structures, namely AB (rhombohedral) and AA 1/3 (monoclinic), with different interlayer magnetic order (FM vs AF). Our results are summarized in table (I). We find that, for both bilayer and bulk CrI 3 the energy difference between the FM and AF configurations is dramatically reduced in the case of monoclinic stacking. As we discuss in section V, two different perturbations lead to an antiferromagnetic interlayer interaction for the AA 1/3 stacking of the bilayer: addition of a Hubbard U correction, keeping the same geometry obtained without U, and modification of the interlayer distance.
We now discuss how to relate the DFT results to the average interlayer exchange coupling (J 12 ). For that matter, we assume that the interlayer exchange can be described by a classical Heisenberg model:
where 1 and 2 label the two CrI 3 layers and J ij is are the interlayer exchange interactions. The sign convention we take is such that J ij > 0 (J ij < 0) stands for ferromagnetic (antiferromagnetic) interaction. Assuming that all spins are parallel, and have a length S, the energy for configurations where all spins in a given layer are parallel, and collinear with those of the other layer, is U = ∓S 2 J 12 where
is the average interlayer coupling and the sign − (+) corresponds to the ferromagnetic (antiferromagnetic) interlayer alignment. It is self-evident that J 12 is an increasing function of the number of atoms in the unit cell. For CrI 3 , there are two atoms per unit cell and plane. We now break down this average exchange, and the corresponding total interlayer exchange, as a sum over the contribution coming from each unit cell , J 12 = N j 12 , where N is the number of unit cells and j 12 is split as the sum of intracell and intercell contributions.
Since J inter ij decays very rapidly with distance, j 12 converges. Therefore, in the case of the bilayer, the total energy per unit cell, that can be compared with DFT calculations, reads as an Ising model for a dimer:
where s 1 , s 2 = ±1 describe the orientation of the layer magnetization. As a result, we can relate the energy difference between the parallel and antiparallel configurations in the DFT calculations with the average interlayer exchange, through
We now carry out the same analysis for the case of bulk, the unit cell has 3 planes. Therefore, the effective model has to keep track of the magnetization of 6 layers: where we assume s 1 = s 7 , to account for the periodic boundary conditions in the off-plane direction. Thus, for the bulk calculations we have:
Equations (5) and (7) permit to relate our DFT calculations with the average interlayer exchange. By so doing, we find that the interlayer exchange shows always a stronger ferromagnetic character than the AB (rhombohedral) phase (see Table I ) than the AA 1/3 (monoclinic). This clearly indicates that there is a correlation between stacking geometry and the interlayer exchange. This is expected, since different stacking imply both different interlayer Cr-Cr distances and Cr-I bond angles (see figure  1) , which are the structural variables that control exchange.
IV. RELATION WITH EXPERIMENTS
Our results for bulk are consistent with the ferromagnetic interlayer interaction observed experimentally. In addition, our results might help to understand the kink in the magnetic susceptibility observed by McGuire et al. 29 at the structural phase transition observed in bulk CrI 3 at 220 Kelvin, between a low temperature rhombohedral and a high temperature monoclinic structures. The connection can be established as follows. At high temperature, CrI 3 is paramagnetic. The susceptibility of a ferromagnet in the paramagnetic regime is described by the Curie law,
where S is the total spin of the Cr atoms, g is the g-factor, µ B is the Bohr magneton, k B is the Boltzmann constant and T CW is the Curie temperature, that logically depends on both the interlayer and intralayer couplings through the relation
where
) is the sum of all the exchange interactions for a given spin i. We are assuming here that the average magnetization of all spins is the same. The calculated variation of the interlayer coupling for the two different stackings, shown in the table, will lead to a modification of T CW , ∆T CW at the temperature of the structural transition, that leads to an additional contribution to
We now discuss the relation of our results with experimental results for CrI 3 bilayers and thin films 2,6-8,11-13,31 , showing antiferromagnetic interlayer interaction. The application of off-plane magnetic fields of B c 0.35T and 0.6T revert the interlayer magnetization in CrI 3 bilayers as recently proven by transport 7 and optical 2 measurements respectively. We can estimate the interlayer exchange by equating the Zeeman energy per unit cell, E Z = 4 × gµ B SB c to ∆E in eq. (4). We thus obtain j 12 = −2g S µ B B c −60µeV and −103µeV . Our DFT results show that interlayer exchange is much smaller for the AA 1/3 stacking, although still weakly ferromagnetic. Other density functional calculations, appeared after a first version of our work was posted in the arXiv, show that interlayer exchange can indeed become antiferromagnetic for the AA 1/3 stacking, using functionals different from GGA 8, [39] [40] [41] [42] . The common point in all DFT calculations is that interlayer exchange has a weaker ferromagnetic character for the AA 1/3 stacking than for the AB.
Our DFT calculations still predict that the AB stacking is the ground state structure for the freestanding bilayer. However, the energy difference between these two stacking configurations is ∆E struct ≈ 3.25 meV/Cr atom, much smaller than its bulk counterpart, ∆E struct ≈ 8 meV/Cr atom favouring the rombohedral crystal structure. Given that experiments are always carried out with the CrI 3 bilayers deposited on top of substrates, such as graphene and silicon oxide, it can be that these favour the AA 1/3 stacking, leading to an antiferromagnetic interaction. It is also possible that stacking energetics is different in bulk and in very thin films, on account of the different contributions coming from long-range dispersive forces in both cases. Recent experimental work 31 provides evidence that this might be indeed the case.
V. EFFECT OF INTERLAYER DISTANCE AND ON-SITE HUBBARD INTERACTION (U ) ON INTERLAYER EXCHANGE
We now consider two types of perturbations that could further reduce the ferromagnetic interlayer exchange and eventually yield an antiferromagnetic coupling, namely a modification of the interlayer distance and the inclusion of an on-site Hubbard interaction (U ) using the so called PBE+U functional, in the spirit of the LDA+U approximation 43 . The first one could be driven by the coupling to the substrate, whose effect is missing in our DFT calculations. For instance, charge transfer is predicted to occur in the graphene/CrI 3 interface 22 , that could modify interlayer separation.
Figure 2(a) shows the energy difference ∆E = E AF − E F M for different interlayer distances and for both structures. For ∆E < 0 the interlayer exchange coupling becomes AF (horizontal dashed line). This occurs in the AA 1/3 stacking for d − d 0 > 0.2Å, while the AB CrI 3 remains FM. The maximal value for the AF exchange,
We now discuss the scaling of ∆E as we change the on-site Hubbard inderaction U , keeping the same geometry obtained for U = 0. Our results are shown in figure 2(c,d) , for the AA 1/3 and AB stacking respectively. We observe that, in contrast to the AB stacking, the interlayer exchange in the AA 1/3 case scales nonmonotonically with U and, for U ≥ 3 it becomes AF (dashed line indicates the transition from positive to negative exchange coupling).
Interestingly, we find that the response of the system to both the structural modification and the addition of a Hubbard U correction, follows the same pattern. First, none of these perturbations drive the system to the AF interlayer interaction in the case of the AB stacking. Second, both perturbations drive the interlayer interaction AF in the AA 1/3 stacking. Third, the dependence of ∆E on both interlayer distance and U is non-monotonic only in the case of the AA 1/3 stacking.
Given that all known mechanisms for exchange lead to monotonic dependence with distance, the non-monotonic behaviour of ∆E, for the AA 1/3 stacking, that includes a change of sign, clearly shows that interlayer exchange interaction is the result of at least two contributions with opposite signs:
The first contribution, which favours a ferromagnetic coupling, arises both from interlayer superexchange pathways and direct exchange. The second contribution favours antiferromagnetic exchange. 
VI. INTERPLAY BETWEEN INTERLAYER HYBRIDIZATION AND STACKING
We now explore if interlayer antiferromagnetic exchange could be accounted for by the theory of kinetic exchange of Anderson 44 (see also Hay et al. 45 ), for electrons occupying otherwise degenerate orbitals that become weakly hybridized by an interlayer hopping γ. The interlayer hopping leads to the formation of bondingantibonding states that delocalize the states among the two layers. In the limit of on-site Hubbard repulsion U much larger than γ, the low energy states of this Hubbard dimer are described by a spin Heisenberg model with antiferromagnetic exchange J U used in LDA+U calculations. The former it is always present even for U = 0 calculations, and stands for the energy that should be paid to doubly occupy an atomic orbital. The second one is the extra energy that should be paid when the orbitals are strongly localized in order to account for correlation effects.
In order to explore whether the interlayer hybdridization γ is significantly different for the two stacking geometries for CrI 3 bilayer, we calculate the hybridization between crystal-field split t 2g . For that matter we obtain a tight-binding model from our DFT calculations, using a representation of the DFT hamiltonian in a basis of maximally localized Wannier orbitals. To do so, we use DFT as implemented in the plane-wave based PWscf code (see Methodology section), with spin-unpolarized solutions, to ensure that the band splitting comes only from the interlayer hybridization. In the non-magnetic solutions, the t 2g bands are half filled, in contrast to the spin-polarized case, where the 3 electrons with same spin fill the 3 t 2g bands in one spin channel. The spin-unpolarized t 2g bands of bilayer CrI 3 for AA 1/3 and AB cases are shown in Figure 3(a,b) .
In order to obtain a representation of the Hamiltonian in a basis of atomic-like orbitals, we transform our planewave basis into a localized Wannier one using wannier90 code 46 . The representation of the Hamiltonian in that basis allows us to extract the interlayer hopping amplitudes Γ ij from the Wannier Hamiltonian. We choose a projection over the subspace spanned by the t 2g manifold, namely {d xy , d xz , d yz } centered in the Cr atoms. Red and blue lines on top of the t 2g bands in Figure 3(a,b) correspond to the Wannier bands obtained for each stacking configuration. The Wannier Hamiltonian for intracell atoms takes the form
where E 1 and E 2 are 6×6 matrices containing the on-site energies of the t 2g orbitals in layer 1 and layer 2. The Γ matrices contain the hopping terms connecting both layers. Equations 12 and 13 show the detailed structure of the coupling matrices. The ball and stick models close to the matrices indicate the unit cell atoms for both stacking configurations. Atoms with different colors belong to different layers. However, from this analysis, we can not conclude that the average interlayer hybridization is very different for the two stackings. Therefore, the mechanism that accounts for the different interlayer exchange interaction must arise from other exchange mechanism.
VII. SPIN POLARIZED ENERGY BANDS AND IMPLICATIONS FOR VERTICAL TRANSPORT
We now discuss the spin-polarized band structures obtained from first-principles calculations. In Figure 4 , we show the spin polarized bands of the AB (top panels) and AA 1/3 (bottom panels) bilayer CrI 3 . For the spin polarized calculations, the spin majority t 2g bands are fully occupied and the first set of empty bands is made of spin majority e g states. The FM cases (a,c) show a clear band splitting of the majority e g (red bands above the Fermi energy) and minority t 2g bands (blue bands above the Fermi energy) coming from the interlayer coupling. This is similar to the unpolarized calculations in Figure 3 .
In contrast, in the antiparallel interlayer (AF) cases (b,d), the interlayer splitting is absent. The reason is that e g and t 2g for a given spin channel in one layer are degenerate with the same bands with opposite spin in the other layers. Since interlayer coupling is spin conserving, the resulting hybridization is dramatically reduced. This difference of interlayer coupling in the FM and AF configurations definitely contributes to explain the very large magnetoresistance observed in vertical transport with CrI 3 bilayers in the barriers. [6] [7] [8] Given that the e g states are the lowest energy channels available for tunneling electrons in the barrier, they can only be transferred elastically between adjacent CrI 3 layers when their relative alignment is not antiparallel.
VIII. DISCUSSION AND CONCLUSIONS.-
Our results provide a plausible explanation for two different experimental observations. First, the kink in the differential spin susceptibility dχ dT observed in bulk CrI 3 at the structural phase transition 29 . Second, the antiferromagnetic interlayer coupling observed for few-layer CrI 3 bilayers, at low temperatures 2, 6, 7, 11 . Given that in these experiments the CrI 3 layers are either deposited on a substrate 2 or embedded in a circuit, we conjecture that the stacking might be different than in bulk. However, the confirmation of this hypothesis will require further experimental and computational work.
To summarize, we have computed the interlayer exchange for CrI 3 bilayers in two different stacking, that correspond to the rhombohedral and monoclinic structures observed for bulk CrI 3 . We find that the interlayer coupling shows a much weaker ferromagnetic character for the monoclinic than the rhombohedral phase, and eventually undergoes an antiferromagnetic transition under shear strain. We claim that this provides a possible explanation for two different experimental observations. First, the kink observed in the differential susceptibility at the structural transition in bulk. 29 Second, the fact that CrI 3 bilayers deposited on graphene are known to have antiferromagnetic interlayer coupling.
2,6-8,11
Note: During the final completion of this manuscript, we became aware of the work of four other groups [39] [40] [41] addressing the relation between interlayer exchange and stacking in CrI 3 using different approximations and obtaining results compatible with ours.
